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57 ABSTRACT

An enhanced resolution successive-approximation register
(SAR) analog-to-digital converter (ADC) is provided that
includes a digital-to-analog converter (DAC), a comparator
and enhanced resolution SAR control logic. The DAC
includes analog circuitry that is configured to convert an
M-bit digital input to an analog output. The comparator
includes a plurality of coupling capacitors. The enhanced
resolution SAR control logic is configured to generate an
M-bit approximation of an input voltage and to store a residue
voltage in at least one of the coupling capacitors. The residue
voltage represents a difference between the input voltage and
the M-bit approximation of the input voltage. The enhanced
resolution SAR control logic is further configured to generate
an N-bit approximation of the input voltage based on the
stored residue voltage, where N>M.

17 Claims, 8 Drawing Sheets

100
120 Pt
GND 118 "l COMPARATOR Vcomp,out
N 106 122
comp,in > 102
116 ] 1L 126
124 1 ENHANCED -/,
V. A_,
in DAC RESOLUTION SAR
v CONTROL LOGIC
ref 7"
112 ~-110




US 9,252,800 B1

Sheet 1 of 8

Feb. 2, 2016

U.S. Patent

C ‘DOIA
mNmN mNmN BZ.12Z 820 407
- ] | _\ :\ \ -
o ! - | -0gz s ! -0z & oz & LNdNI
vmm& W + ¥ec + S‘N& + 80¢
J\_ J\___ J_f :/ N +1NdNI
azee azze qzie qzoz 90¢
2002 4002 200z
*_
901
I DIA
0L
AN chi
91907 T0HLNOD v S0
S NOILLNTOSTY u,
QIONVHN3 - v2l
] ailL
9l ‘ : » ur‘dwoo
204 « A
271 30} w/_ _
1no‘dwios
A | doLvavdnoo | oo
~ 0zl
001



US 9,252,800 B1

Sheet 2 of 8

Feb. 2, 2016

U.S. Patent

Zyby (o D¢ "DOIA

e wm‘_>
AN eZze ezle €20 Y0z
5 Y N/
i 1 —— i A £ ova,
A P A 02z A-\SN
_ 2z 1 ) R ) N )
{ \: __/ :f / aNoD
azsz azee 9z1z qzoz 90¢
+oyhy (Siag o)
d¢ DIA sal ) -
ezee w2zt “2)2 A >fv»z. €202 4oz
I - \ A i ~ vy
A - 0gz A 022 A-\SN L0z
{ EL + il * [
{ \__ __/ __/ f DZQ
azez 922z RTAY4 qzoz 90¢
ezez ezzz Ve DA g, BZ0Z
\ \ y ;e
1 ——1 —— v 0z
L~ 0g¢ - L-0c¢e - L-0i¢ -/'10z+
¥ez- ¥Zz- L vz . 802"
\: \“__ :/ ~ :/ N aNe
azsz 922z 921z qzoz 90¢



US 9,252,800 B1

Sheet 3 of 8

Feb. 2, 2016

U.S. Patent

Cbyisal . by (584 5 o
-y (SMag o)+ -y (*¥pg0)+ .
ezee 744 At DI e 7 (7 A
/: ] /: - :\ ] »L :\ £ (0¥ oz
SodEoo> T L-0g¢ “L-0¢¢ “L-0l¢ -Z0g+
[N I . I . | ano
/ / \ \ N
azez azze azlz az0z
by (58rc0)- +hy(SRipg0)-
Sy (S8l p . b (S8) p e
-Cyhy (SPaG0)+ (3G 0)+
BZEZ BZZe de DI ezlz BZ0Z
N N y o e
1 ) - f T (9% g0
- -0gC " -02¢ “L-0l¢ -200+
+ + + 80Z ]
1 1 } X N9
/ / \ P
azee azze aziz azoz
+Oyby (Sag0)- +Hy(5¥ag )
[AWIRTE)| . vy (S8 5 o
Sy (5%ag0)+ +y(3¥ag o+ Sedp
BZET BzZe de "OId BZ1LZ BZ02
\ \ / / ne
e ) ] - fr—r— 9%,
" -0¢2 - L-0c¢ " L-0Lz
+ + vz +
I I I I ano
% / \ N o
qzee azze azieg az0z
by (S8ag0)- +Hy(S®ipgo)-



US 9,252,800 B1

Sheet 4 of 8

Feb. 2, 2016

U.S. Patent

v DIA

| S8

¥0¢
/. 10va

~0c¢¢
1474

L ~01l¢

(Vsol

N L0

N aNo
90¢

v0c

L~01¢

£ (100 1o

N aNo
902

¥02
/

rez-1

_~0¢€¢
vee|

- \.ONN
+ 1424

_~0l¢
80Z

(" 110z

N GND
90¢



US 9,252,800 B1

Sheet 5 of 8

Feb. 2, 2016

U.S. Patent

Lyl vh meh>.Nm9>vm.o+

|8l

| .
. g ("TAG 0N+
Bzee egcc AV DId ezig B20Z poz
/: -~ f: ] :\ ~ \_Iml (¢OYQ ) 20z
v | 0sz A -|-0zz A 012 L0z
\: w__r § _/“, / _/|n| anNo
qzee g2z qazlz o G20z 90¢
+FyCyby (BB (g 0r Ao
. H(H¥ag0)+
BZEZ BZZe d¥ ‘DI  eule BZ0Z
\ N y AT
Y A \ A f e L (20 5
P A - |02z A 01z I'V0z+
{L H + 1 { OZmu
K] A 1.0 |
/ / \ N
azez aeze 9212 NW_ qzoz 90¢
+hy (P g (""Neo
Lo, bSod, .
i Y {"*TAG 0
BZET BZee dy OId  ezz B20Z o7
/: /: 1 :\ _\ \ AE>V 1102
i k ~ 1 I
| ~0€¢ A | ~0c¢ A -0 vwmom y -1 10T+
\: x___ y :/ “/ N anNo
qzee 922z a1z qzoz 90¢
Sy (¥ ag0)-



US 9,252,800 B1

Sheet 6 of 8

Feb. 2, 2016

U.S. Patent

£y by (BTN epy Lyhy (AT g0s I "DIA
BZEC BZCC TAWA ez0c 02
/: -] /: ] z\ - __\ L (2V¥0p) 70z
SO.QES> | ~0¢g¢ | ~0¢¢  ~0l¢ -£0Z+
{1 + i1 + 11 + | QZO
[N} [Nl [ I
/ % \ NN o
qeee qcee acle - qcoe
$Sy Oyby(F5¥N58 e $yhy (-2 g0
Lylyby (BT ng0s Lyhy(FA-T® gor Ht DId
eZ62 BZ2C eziz €c0C yoz
f: A~ /: e :\ g _\ \ C+No<n_>v £0z
I ~ i il I
| -0€2 T -0 “L-0ke -£0g+
. N2 [ 80z
It I} -} } N 3]
/ / \ \ %0z
qcee qcece qclLe qeoe
£y Oy by (BN g +yby (F¥AT¥ g0
T by (1590, T80 e Dby (4994, T80 o W(®hege DY DIA
ezee ezze 621z 8202 407
/__ - /__ A _\ : _\ /  zova
i - i _ 1 _ _ ( N 20z
- 0¢€¢ | -022 012 -L'107+
+ vec| + +
Il | I} | N aN9
/ / $ N _py
qzee qzze azie o G202
Sy lyby (LB NG +oyhy (- EB g +hy(H¥agg) Fweo



U.S. Patent

Feb. 2, 2016 Sheet 7 of 8

500

/

502~

OBTAIN Vygg BASED
ON Vi AND Vi

!

504~

STORE FIRST SCALED
VERSION OF Vg IN FIRST

COUPLING CAPACITOR(S)

!

506~

STORE SECOND SCALED
VERSION OF Vgg IN SECOND

COUPLING CAPACITOR(S)

!

508"

DETERMINE V BASED
comp,out

ON FIRST AND SECOND SCALED
VERSIONS OF V/eg

!

510"

DETERMINE V

out
BASED ON V
comp,out

!

512

DETERMINE N-BIT
DIGITAL CODE BASED

ON VDAC AND Vout

END

FIG. 5

US 9,252,800 B1



U.S. Patent

Feb. 2, 2016 Sheet 8 of 8

600

/

602~

OBTAIN Vres1 BASED

ON Vin AND VDAC1

Y

604~

STORE SCALED

VERSION OF V| . INFIRST

COUPLING CAPACITOR(S)

Y

606 ~

DETERMINE VDAC2

BASED ON Vin AND Vo4

Y

608~

OBTAINV oo BASED
ONV,. AND VDACZ

Y

610~

STORE FIRST SCALED
VERSION OF Vygs

DIFFERENCE IN SECOND
COUPLING CAPACITOR(S)

Y

612

STORE SECOND SCALED
VERSION OF Vg

DIFFERENCE IN THIRD
COUPLING CAPACITOR(S)

Y

6141

DETERMINE V
comp,out

BASED ON FIRST AND SECOND
SCALED VERSIONS OF
Vyes DIFFERENCE

Y

616"

DETERMINE V4

BASED ONV
comp,out

v

618"

DETERMINE N-BIT DIGITAL
CODE BASED ON VDAC1‘

Vpaca AND Vit

END

FIG. 6

US 9,252,800 B1



US 9,252,800 B1

1
ENHANCED RESOLUTION
SUCCESSIVE-APPROXIMATION REGISTER
ANALOG-TO-DIGITAL CONVERTER AND
METHOD

TECHNICAL FIELD

This disclosure is generally directed to analog-to-digital
converters (ADCs). More specifically, this disclosure is
directed to an enhanced resolution successive-approximation
register (SAR) ADC and method.

BACKGROUND

In a conventional SAR ADC, increasing the resolution
results in a corresponding increase in area and power con-
sumption. For example, a 1-bit increase in resolution typi-
cally results in a doubling of the number of components in a
digital-to-analog converter (DAC) array for the SAR ADC. In
order to increase the resolution without a considerable
increase in power and area, one solution is to incorporate
oversampling in the ADC. However, the conventional use of
oversampling results in a reduced input signal bandwidth, a
reduction in ADC speed, and degraded linearity performance.

SUMMARY

This disclosure provides an enhanced resolution SAR
ADC and method.

In one example, an enhanced resolution SAR ADC is pro-
vided that includes a DAC, a comparator and enhanced reso-
Iution SAR control logic. The DAC includes analog circuitry
that is configured to convert an M-bit digital input to an
analog output. The comparator includes a plurality of cou-
pling capacitors. The enhanced resolution SAR control logic
is configured to generate an M-bit approximation of an input
voltage and to store a residue voltage in at least one of the
coupling capacitors. The residue voltage represents a difter-
ence between the input voltage and the M-bit approximation
of the input voltage. The enhanced resolution SAR control
logic is further configured to generate an N-bit approximation
of'the input voltage based on the stored residue voltage, where
N is larger than M.

In another example, a method for increasing the resolution
of'a SAR ADC is provided that includes generating an M-bit
approximation of an input voltage. A residue voltage is deter-
mined based on the input voltage and the M-bit approxima-
tion of the input voltage. The residue voltage is stored in at
least one coupling capacitor. An N-bit approximation of the
input voltage is generated based on the stored residue voltage,
wherein N=M+1.

In a third example, a method for increasing the resolution
of'a SAR ADC is provided that includes generating an M-bit
approximation of an input voltage. A first residue voltage is
determined based on the input voltage and the M-bit approxi-
mation of the input voltage. The first residue voltage is stored
in a first coupling capacitor. A second residue voltage is
determined based on the input voltage and the M-bit approxi-
mation of the input voltage. A difference between the firstand
second residue voltages is stored in a second coupling capaci-
tor and a third coupling capacitor. An N-bit approximation of
the input voltage is generated based on the stored difference,
wherein N=M+2.

Other technical features may be readily apparent to one
skilled in the art from the following figures, descriptions, and
claims.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of this disclosure and
its features, reference is now made to the following descrip-
tion, taken in conjunction with the accompanying drawings,
in which:

FIG. 1 illustrates an enhanced resolution successive-ap-
proximation register (SAR) analog-to-digital converter
(ADC) according to an embodiment of this disclosure;

FIG. 2 illustrates the comparator of FIG. 1 according to an
embodiment of this disclosure;

FIGS. 3A through 3F illustrate an example of a method for
increasing the resolution ofthe SAR ADC of FIG. 1 by one bit
according to an embodiment of this disclosure;

FIGS. 4A through 41 illustrate an example of a method for
increasing the resolution of the SAR ADC of FIG. 1 by two
bits according to an embodiment of this disclosure;

FIG. 5 illustrates a method for increasing the resolution of
the SAR ADC of FIG. 1 by one bit according to an embodi-
ment of this disclosure; and

FIG. 6 illustrates a method for increasing the resolution of
the SAR ADC of FIG. 1 by two bits according to an embodi-
ment of this disclosure.

DETAILED DESCRIPTION

FIGS. 1 through 6, discussed below, and the various
examples used to describe the principles of the present inven-
tion in this patent document are by way of illustration only
and should not be construed in any way to limit the scope of
the invention. Those skilled in the art will understand that the
principles of the present invention may be implemented in
any suitable manner and in any type of suitably arranged
device or system.

FIG. 1 illustrates an enhanced resolution successive-ap-
proximation register (SAR) analog-to-digital converter
(ADC) 100 according to an embodiment of this disclosure.
The embodiment of the enhanced resolution SAR ADC 100
shown in FIG. 1 is for illustration only. Other embodiments of
the enhanced resolution SAR ADC 100 could be used without
departing from the scope of this disclosure.

The enhanced resolution SAR ADC 100 includes enhanced
resolution SAR control logic 102, a digital-to-analog con-
verter (DAC) 104, and a comparator 106. The enhanced reso-
Iution SAR control logic 102 is configured to enhance the
resolution of the enhanced resolution SAR ADC 100 by stor-
ing residue voltage in existing capacitors in the comparator
106. Thus, as used in this disclosure, “enhanced resolution
SAR control logic” refers to SAR control logic that is con-
figured to implement a residue boosting algorithm such that
analog circuitry for providing M-bit resolution instead pro-
vides N-bit resolution without modifications to the analog
circuitry. For the embodiments described below, N=M+1 or
N=M+2. Therefore, because the analog circuitry of a conven-
tional M-bit SAR ADC is not modified, the enhanced resolu-
tion SAR ADC 100 may provide N-bit resolution without
increasing power consumption or area requirements and
without reducing input signal bandwidth, speed or linearity
performance as compared to a conventional M-bit SAR ADC.

The enhanced resolution SAR control logic 102 is config-
ured to generate an M-bit digital code 110 for the DAC 104.
The DAC 104 is configured to receive the digital code 110, an
input voltage, V,,, 116 and a reference voltage signal, V,,
112 and to generate an analog voltage signal, V,,,,, ., 118
based on the digital code 110, V,,112 and V,,, 116. For some
embodiments, including in the example described below, the
DAC 104 may include a capacitor array. However, for other
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embodiments, the DAC 104 may include a resistor array, a
combination of a capacitor array and a resistor array, or any
other suitable components.

The comparator 106 is configured to receive V., ., 118
and a ground (GND) signal 120 and to generate a comparator
output, V., ., o 122 based on 'V, 118 and the ground
signal 120. The comparator 106 may include a plurality of
amplifiers coupled to each other through coupling capacitors,
which are auto-zero capacitors. In addition, the enhanced
resolution SAR control logic 102 is configured to provide a
control signal 124 to the comparator 106 to provide residue
boosting for increased resolution, as described in more detail
below. Therefore, based on the residue boosting, the
enhanced resolution SAR control logic 102 is configured to
generate an N-bit approximation 126 of V,, 116 as an output
of the enhanced resolution SAR ADC 100 instead of gener-
ating an M-bit approximation.

For some embodiments, including the example described
below, the word length of the digital code 110 is the same as
the word length of the M-bit approximation of V,,, 116. How-
ever, for other embodiments, the word length of the digital
code 110 may be different from the word length of the M-bit
approximation of V,,, 116. For example, the digital code 110
can be a 2-bit thermometric code that is logically equivalent
to M-bit binary code.

In operation, for obtaining the M bits of the digital code
110, the enhanced resolution SAR ADC 100 functions in a
conventional manner. Thus, initially, the enhanced resolution
SAR control logic 102 forces the first bit of the digital code
110 high and the remaining bits of the digital code 110 are
low. For example, for M=12, the digital code 110 is initially
100000000000. This digital code 110 corresponds to %2 of
V, 112,

The DAC 104 then generates V. .., 118 using the digital
code 110,V 112 and V,,, 116. Thus, initially, the DAC 104
generates V., ;,, 118 by multiplying V, 112 by Y5 and
subtracting V,,, 116 from it. The comparator 106 then com-
pares V., ., 118 to ground 120 to generate V..., ,,,, 122. It
V,, 116>2%V 112, the comparator 106 generates a high
V compous 122 and the enhanced resolution SAR control logic
102 keeps the first bit of the digital code 110 high. Similarly,
it'V,, 116<12*V 112, the comparator 106 generates a low
V compous 122 and the enhanced resolution SAR control logic
102 changes the first bit of the digital code 110 to low. The
enhanced resolution SAR control logic 102 then forces the
second bit of the digital code 110 high and repeats the pro-
cess.

Thus, if the first bit was kept high, the subsequent digital
code 110 generated by the enhanced resolution SAR control
logic 102 is 110000000000, which will result in the DAC 104
multiplying V, 112 by %4. Similarly, if the first bit was
changed to low, the subsequent digital code 110 generated by
the enhanced resolution SAR control logic 102 is
010000000000, which will result in the DAC 104 multiplying
V,.r112 by V4. This process continues, with the next iteration
multiplying V,,- 112 by 7, %, 3 or % depending on the
previous outcomes, until a first full M-bit conversion has been
completed, which converts V,,, 116 into an M-bit approxima-
tion of V,, 116.

At this point, the enhanced resolution SAR control logic
102 may obtain one or two additional bits of resolution by
generating the control signal 124 to prompt the comparator
106 to store residue voltage in the coupling capacitors of the
comparator 106. This boosted residue voltage is converted to
a digital value by itself or added to the next sample to achieve
higher resolution.
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For example, as described in more detail below, the
enhanced resolution SAR control logic 102 may use residue
boosting to obtain a value of twice the residue voltage. Thus,
instead of generating a value half the size of the previously
obtained M-bit digital code 110 for comparison purposes,
which would double the size of the capacitor array in the DAC
104, the value of twice the residue voltage may be used to
obtain the same result without affecting the size of the capaci-
tor array. The enhanced resolution SAR control logic 102
may use this doubled residue voltage to obtain one additional
bit of the digital code 110. Similarly, the enhanced resolution
SAR control logic 102 may use residue boosting to obtain a
value of four times the residue voltage, which may be used to
obtain a second additional bit of the digital code 110, without
quadrupling the size of the capacitor array.

As a result, the bit resolution of the enhanced resolution
SAR ADC 100 may be increased by up to two bits without
modifying analog circuits such that the area and power con-
sumption of the enhanced resolution SAR ADC 100 are not
increased as compared to a SAR ADC without the increased
resolution. Thus, instead of increasing the number of ele-
ments in a capacitor-DAC or resistor-DAC, the number of
elements in the DAC 104 does not need to be increased. Thus,
the N-bit enhanced resolution SAR ADC 100 does not need to
be modified as compared to an M-bit SAR ADC, with the
exception of the addition of a small digital logic block and a
small number of analog hooks.

Furthermore, instead of oversampling the analog inputin a
conventional manner, which reduces the quantization noise
but not nonlinearity errors, the enhanced resolution SAR
ADC 100 oversamples the analog input V,,, 116 only 2™ times
(where x represents the increase of resolution in number of
bits). Thus, oversampling may be reduced by half as com-
pared to conventional oversampling methods. In addition, by
averaging out differential nonlinearity error, good linearity
may be achieved. Thus, this method helps to achieve smaller
nonlinearity error and increases the enhanced resolution SAR
ADC 100 speed and input signal bandwidth as compared to
previously implemented oversampling methods.

Although FIG. 1 illustrates one example of an enhanced
resolution SAR ADC 100, various changes may be made to
the embodiment of FIG. 1. For example, various components
of the enhanced resolution SAR ADC 100 could be com-
bined, further subdivided, moved, or omitted and additional
components could be added according to particular needs.

FIG. 2 illustrates the comparator 106 according to an
embodiment of this disclosure. The embodiment of the com-
parator 106 shown in FIG. 2 is for illustration only. Other
embodiments of the comparator 106 could be used without
departing from the scope of this disclosure.

For the illustrated embodiment, the comparator 106
includes three stages 200a, 2005 and 200c. However, it will
be understood that the comparator 106 may include any suit-
able number of stages. The comparator 106 also includes a
pair of input coupling capacitors 202a-2025. The capacitor
202a is configured to couple a first signal 204 to a negative
input of the first stage 2004, and the capacitor 2025 is con-
figured to couple a second signal 206 to a positive input of the
first stage 200q. It should be noted that in an embodiment
using a capacitor array for the DAC 104, the coupling capaci-
tors 202a-2025 are formed by the DAC 104 itself. During the
initial M-bit conversion process, the first signal 204 may
correspond to V., ., 122 and the second signal 206 may
correspond to the ground signal 120. However, after the M
bits of the digital code 110 are obtained, the first signal 204
may vary as described in more detail below. The comparator
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106 also includes a switch 208 that is configured to couple and
uncouple the capacitors 202a-202b to and from each other.

The first stage 200q includes an amplifier 210 that has a
gain of A, a pair of coupling capacitors 2124-212b and a
switch 214, the second stage 2005 includes an amplifier 220
that has a gain of A, a pair of coupling capacitors 222a-222b
and a switch 224, and the third stage 200c¢ includes an ampli-
fier 230 that has a gain of A;, a pair of coupling capacitors
232a-232b and a switch 234. Each amplifier 210, 220 and 230
is configured to amplify its input signal to generate an ampli-
fied output. Each of the capacitors 212a-2125, 222a-2225 and
2324a-232b is an auto-zero capacitor through the use of the
switches 214, 224 and 234.

The capacitors 212a-212b are configured to couple the
amplified output of the amplifier 210 to the amplifier 220, the
capacitors 222a-222b are configured to couple the amplified
output of the amplifier 220 to the amplifier 230, and the
capacitors 232a-2325 are configured to provide the amplified
output of the amplifier 230 as V,,,,, .., 122. Each of the
switches 214, 224 and 234 is configured to couple and
uncouple the corresponding capacitors 212a-212b, 222a-
222b and 232a-232b to and from each other.

Voltage representing a scaled version ofthe residue voltage
may be stored in each pair of capacitors 212a-212b, 222a-
222b and 232a-232b. Therefore, in order to multiply the
residue voltage by 2 or 4 to obtain one or two bits of additional
resolution, the capacitors 212a-212b, 2224-222b and 232a-
232b can be sequentially strobed to obtain a scaled version of
the residual voltage at any of the stages 2004, 20056 or 200c.
As described in more detail below, the enhanced resolution
SAR control logic 102 uses these scaled versions of the
residual voltage to obtain the additional bit or bits of resolu-
tion.

Although FIG. 2 illustrates one example of comparator
106, various changes may be made to the embodiment of FIG.
2. For example, various components of the comparator 106
could be combined, further subdivided, moved, or omitted
and additional components could be added according to par-
ticular needs. For a particular example, the comparator 106
may include single-ended components instead of differential
components. Thus, for this example, each amplifier 210, 220
and 230 and each pair of coupling capacitors 202a-2025b,
212a-212b, 222a-222b and 232a-232b may be replaced with
a corresponding single-ended amplifier or capacitor.

FIGS. 3 A through 3F illustrate a method for increasing the
resolution of the enhanced resolution SAR ADC 100 by one
bit according to an embodiment of this disclosure. The
embodiment shown as an example in FIGS. 3 A through 3F is
for illustration only. The resolution of the enhanced resolu-
tion SAR ADC 100 may be increased by one bit in any other
suitable manner without departing from the scope of this
disclosure.

The method is described with reference to the comparator
106 as described in connection with FIG. 2. For the particular
example illustrated in FIGS. 3A through 3F, V, =201.7,
M=12, and N=13. It will be understood that these values are
simply examples used to illustrate the method. In addition, it
will be understood that the enhanced resolution SAR control
logic 102 generates the control signal 124 to control the inputs
204 and 206 to the comparator 106 and the opening and
closing of the switches 208, 214, 224 and 234.

As shown in FIG. 3A, the first signal 204 is initially V,, or
201.7, and each of the switches 208, 214, 224 and 234 is
closed. Thus, at this first step, 201.7 is stored on the capacitor
202aq. For simplicity, in FIGS. 3B through 3F, only the
switches 208, 214, 224 and 234 that are closed are illustrated,
while the open switches 208, 214, 224 and 234 are not shown.
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6

As shown in FIG. 3B, the first signal 204 is changed to
V 540 Which corresponds to an analog version of the 12-bit
digital code 110 generated by the enhanced resolution SAR
control logic 102. Thus, because V,,=201.7 in this example,
the result of the initial conversion of V,,, to a 12-bit digital
code 110 is the value 201. Therefore, the value of V,, ~in this
exampleis 201. The residue voltage that is typically discarded
at this point is the remaining portion of V,,,, which is 0.7. That
18, V,,=Vp,c+V,... At this step, each of the switches 208,
214,224 and 234 is open. Thus, because the first signal 204 is
V puc (201) and the capacitor 202a is storing V,,, (201.7), the
voltage at the input to the negative terminal of the amplifier
210 represents a negative value of V. or =0.7.

As shown in FIG. 3C, the first signal 204 remains V-,
and V,_ remains at the input to the negative terminal of the
amplifier 210. At this step, the switch 224 is closed. Thus, a
scaled version of the residue voltage (i.e., V, A A,) is stored
differentially in the capacitors 2224-222b. As a result, the
capacitors 222a-222b provide a first scaled version of V, to
be used in residue boosting.

As shown in FIG. 3D, the first signal 204 remains V-,
and V,_ remains at the input to the negative terminal of the
amplifier 210. At this step, the switch 224 has been opened,
and the switch 214 is closed. Thus, a second scaled version of
the residue voltage (i.e., V,  A)) is stored differentially in the
capacitors 212a-212b. As a result, the capacitors 212a-212b
provide a second scaled version of V, to be used in residue
boosting.

As shown in FIG. 3E, the first signal 204 is changed to
Vp4c+1, which results in 202 in this example. At this step, the
switch 214 has been opened, and the switch 208 is closed.
Thus, the value of V,,~+1, or 202, is stored on the capacitor
202a.

As shown in FIG. 3F, the first signal 204 is changed back to
V4o Which is 201. At this step, the switch 208 has been
opened. Thus, the value of V,, —~(V p c+1), 0r -1, is stored at
the input to the negative terminal of the amplifier 210. At this
point, the comparator output, V., ..., 122 is provided by
(1-2V, OA A,A,. For the example, this result would be
-0.4A A A,.

The enhanced resolution SAR control logic 102 then deter-
mines the 13-bit approximation 126 of V,, as follows:

ity >0,V,,,.=0,

comp.out o

ifv, <0,V,,~1, and

compout=">

final output=2Vp,4c+V,,..-

Thus, for a residue voltage greater than 0.5,V .., ., 18 Zero
or negative and V , is 1, and for a residue voltage of 0.5 or
less, V.00 18 POSitive and V. is 0. Accordingly, for the
example illustrated in FIGS. 3A through 3F, V. is 1, and the
final outputis 2(201)+1=403. This final output corresponds to
the 13-bit approximation 126 of V,,. Additional examples are
shown in the table below:

Vin Vpac Vo Final output
201.2 201 0 402
201.4 201 0 402
201.7 201 1 403
201.9 201 1 403

FIGS. 4A through 4 illustrate a method for increasing the
resolution of the SAR ADC of FIG. 1 by two bits according to
an embodiment of this disclosure. The embodiment shown as
anexample in FIGS. 4A through 41 is for illustration only. The
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resolution of the enhanced resolution SAR ADC 100 may be
increased by two bits in any other suitable manner without
departing from the scope of this disclosure.

The method is described with reference to the comparator
106 as described in connection with FIG. 2. For the particular
example illustrated in FIGS. 4A through 41, V,,=201.7,
M=12, and N=14. It will be understood that these values are
simply examples used to illustrate the method. In addition, it
will be understood that the enhanced resolution SAR control
logic 102 generates the control signal 124 to control the inputs
204 and 206 to the comparator 106 and the opening and
closing of the switches 208, 214, 224 and 234.

After a first conversion using a conventional process to
obtain a 12-bit digital code 110, V-, represents the analog
version of that 12-bit digital code 110. As shown in FI1G. 4A,
for a second conversion, the first signal 204 is initially V, , or
201.7, and each of the switches 208, 214, 224 and 234 is
closed. Thus, at this first step, 201.7 is stored on the capacitor
202aq. For simplicity, in FIGS. 4B through 41, only the
switches 208, 214, 224 and 234 that are closed are illustrated,
while the open switches 208, 214, 224 and 234 are not shown.

As shown in FIG. 4B, the first signal 204 is changed to
Vp4c1- Thus, because V,,=201.7 in this example, the result of
the initial conversion of V,,, to a 12-bit digital code 110 is the
value 201. Therefore, the value of V., in this example is
201. The residue voltage that is typically discarded at this
point is the remaining portion of V,,,, which is 0.7. That is,
V.. =Vruc1+V,es1, WhereV, is the residue voltage from the
first conversion. At this step, each of the switches 208, 214,
224 and 234 is open. Thus, because the first signal 204 is
V puct (201) and the capacitor 202a is storing V,,, (201.7), the
voltage at the negative terminal of the amplifier 210 repre-
sents a negative value of V,_, or —-0.7.

As shown in FIG. 4C, the first signal 204 remains V-,
and V,_, remains at the input to the negative terminal of the
amplifier 210. At this step, the switch 214 is closed. Thus, a
scaled version of the residue voltage (i.e., V, ., A;) is stored
differentially in the capacitors 212a-212b. As a result, the
capacitors 2124-2125 provide a first scaled version of V,_; to
be used in residue boosting for the second conversion.

As shown in FIG. 4D, for the second conversion, the first
signal 204 is changed back to V,,,, which is 201.7. At this step,
the switch 214 has been opened, and the switch 208 is closed.
Thus, at this step, the input voltage of 201.7 is again stored on
the capacitor 202a.

In addition, the output of the capacitor 202a is switched to
the positive terminal of the amplifier 210, and the output of
the capacitor 2025 is switched to the negative terminal of the
amplifier 210. Therefore, V., ..., 122 for this second con-
version represents V,, +V, ., which corresponds to 201.7+
0.7, or 202 .4, in this example. From this, the enhanced reso-
Iution SAR control logic 102 generates a 12-bit digital code
110 of 202, which is the output from the second conversion.
The DAC 104 then generates V-, based on the value 202.

As shown in FIG. 4E, the first signal 204 is changed to
V p4c»- For this step, the switch 208 has been opened. Thus,
thevalueof V-V, =V,.,, (i.e., 202-201.7=0.3), is stored
at the positive input to the amplifier 210 for use in a third
conversion.

As shown in FIG. 4F, the first signal 204 remains V-,
and 'V, remains at the positive input to the amplifier 210. At
this step, the switch 234 is closed. Thus, a scaled version of
the difference between V,,, and V,,; (e, (V,,;»-V,.o1)
A ALA,) is stored differentially in the capacitors 232a-2325b.
As a result, the capacitors 232a-2325b provide a first scaled
version of the difference betweenV,,, and 'V, to be used in
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As shown in FIG. 4G, the first signal 204 remains V.,
and V,_, remains at the input to the positive terminal of the
amplifier 210. At this step, the switch 234 has been opened,
and the switch 224 is closed. Thus, a second scaled version of
the difference between V,, ., and V, ., (i.e., (V,oso=V,es1)
A, A,)is stored differentially in the capacitors 222a-222b. As
a result, the capacitors 222q-222b provide a second scaled
version of the difference between V,, ., and V,, ., to be used in
residue boosting for the third conversion.

As shown in FIG. 4H, the first signal 204 is changed to
V puca+l, which results in 203 in this example. At this step,
the switch 224 has been opened, and the switches 208 and 214
are each closed. Thus, the value of V,, ,+1, or 203, is stored
on the capacitor 2024, and the residue voltage stored in the
capacitors 212a-212b is cleared.

As shown in FIG. 41, the first signal 204 is changed back to
Vpuca- At this step, the switches 208 and 214 have been
opened. Thus, the value of V5 ; -, —(V pyc2+1), or =1, is stored
at the positive terminal of the amplifier 210. At this point, the
comparator output, V.., ... 122 is provided by (-142(V,,, -
Voo )AAA,. For the example, this result would be
-0.2A ALA,.

The enhanced resolution SAR control logic 102 then deter-
mines the 14-bit approximation 126 of V,,, as follows:

if 7,

comp.out

>0,V

out

1,

if Vcomp,ouz

=0,V

out

0, and

final output=2Vp, 41 +2Vpucot Vore

Thus, for a residue remaining from V,, +V,_;, (which in this
example would be the residue from 202.4, or 0.4) that is less
thanorequalt0 0.5,V ... is negative or zeroand V ,, is 0,
and for a residue that is greater than 0.5,V . .is positive
and V_,, is 1. Accordingly, for the example illustrated in
FIGS. 4A through 41,V . is 0, and the final output is 2(201)+
2(202)+0=806. This final output corresponds to the 14-bit
approximation 126 of V,,. Additional examples are shown in
the table below:

Vin Vouct Vouc Vo Final output
201.2 201 201 0 804
201.4 201 201 1 805
201.7 201 202 0 806
201.9 201 202 1 807

FIG. 5 illustrates a method 500 for increasing the resolu-
tion of the enhanced resolution SAR ADC 100 by one bit
according to an embodiment of this disclosure. The method
500 shown in FIG. 5 is for illustration only. The resolution of
the enhanced resolution SAR ADC 100 may be increased by
one bit in any other suitable manner without departing from
the scope of this disclosure.

Initially, avalue forV, . is obtained basedonV,,, and V, , ~
(step 502). For example, as described above in connection
with FIGS. 3A through 3F, V,_ can be obtained by storing V,,,
in a coupling capacitor 202a of the comparator 106 and pro-
viding V. as an input signal 204 to the comparator 106.
Next, a first scaled version of V, is stored in a first coupling
capacitor or pair of differential coupling capacitors of the
comparator 106 (step 504). For example, -V, A, A, can be
stored in the capacitors 2224-222b. Then, a second scaled
version of V,_ is stored in a second coupling capacitor or pair
of differential coupling capacitors of the comparator 106
(step 506). For example, -V, A, can be stored in the capaci-
tors 2124-2125.

res
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A value forV,,,,, .. s determined based on the first and

second scaled versions of V,_ stored in the coupling capaci-
tors (step 508). For example, a value of V., .., may be
determined by calculating (1-2V,,)A A, A;. Avalue forV

is determined based on the value of V., .., (step 510). For

example, V_,,, may be determined as follows:
IV corp, 00”05V 070, and
if 7, <0,V,,,~1.

comp,out™">

Finally, a final output corresponding to the N-bit approxima-
tion 126 ofV,,, is determined based on the values of V , , ~and
V... (step 512). For example, the N-bit approximation 126 of
V,,, may be determined by calculating 2V, +V .

FIG. 6 illustrates a method 600 for increasing the resolu-
tion of the enhanced resolution SAR ADC 100 by two bits
according to an embodiment of this disclosure. The method
600 shown in FIG. 6 is for illustration only. The resolution of
the enhanced resolution SAR ADC 100 may be increased by
two bits in any other suitable manner without departing from
the scope of this disclosure.

Initially, a value for V,_;, is obtained based on V,,, and
Vo (step 602). For example, as described above in con-
nection with FIGS. 4A through 41, V,,, can be obtained by
storing V,,, in an input coupling capacitor 202a of the com-
parator 106 and providing V., as an input signal 204 to the
comparator 106. Next, a first scaled version of V., is stored
in a first coupling capacitor or pair of differential coupling
capacitors of the comparator 106 (step 604). For example,
-V, A, can be stored in the capacitors 212a-2125b.

A value for V-, is determined based on V,,, and V.,
(step 606). For example, V,,~, can be obtained by switching
the inputs to the positive and negative terminals of the ampli-
fier 210 while storing V,,, in the coupling capacitor 202a and
V.., in the coupling capacitors 212a-212b. A value for Vv,
is obtained based on V,,, and V,, -, (step 608). For example,
V,.s> can be obtained by storing V,,, in the coupling capacitor
202a of the comparator 106 and providing V-, as an input
signal 204 to the comparator 106.

A first scaled version of the difference between V,, and
V,.s2 18 stored in a second coupling capacitor or pair of dif-
ferential coupling capacitors of the comparator 106 (step
610). For example, —(V,,5—V,.s1)A; A, A5 can be stored in
the capacitors 232a-232b. A second scaled version of the
difference betweenV,, ., andV,,, is stored in a third coupling
capacitor or pair of differential coupling capacitors of the
comparator 106 (step 612). For example, —(V,,.»~V,.1)
A, A, can be stored in the capacitors 222a-2225.

Avalue forV_,, . . is determined based on the first and
second scaled versions of the difference between V,,;, and
V,.s> stored in the coupling capacitors (step 614). For
example, avalueof'V,,,,, .., may be determined by calculat-
ing (-142(V,.s; = V,us2))A ALA,. A value for V,,, is deter-
mined based on the value of V, (step 616). For

comp,out
example, V_,,, may be determined as follows:

out

if Vcomp,ouz

>0,V

out

1, and

if Vcomp,ouz

<0,V =0.

out

Finally, a final output corresponding to the N-bit approxima-
tion 126 of V,, is determined based on the values of V-,
Vpucs and V. (step 618). For example, the N-bit approxi-
mation 126 of V,, may be determined by calculating 2V, , -, +
2V pacatVour

It may be advantageous to set forth definitions of certain
words and phrases used throughout this patent document. The
terms “include” and “comprise,” as well as derivatives

10

30

40

45

50

60

10

thereof, mean inclusion without limitation. The term “or” is
inclusive, meaning and/or. The phrase “associated with,” as
well as derivatives thereof, may mean to include, be included
within, interconnect with, contain, be contained within, con-
nect to or with, couple to or with, be communicable with,
cooperate with, interleave, juxtapose, be proximate to, be
bound to or with, have, have a property of, have a relationship
to or with, or the like. The phrase “at least one of,” when used
with a list of items, means that different combinations of one
or more of the listed items may be used, and only one item in
the list may be needed. For example, “at least one of: A, B, and
C”includes any ofthe following combinations: A, B, C, A and
B,Aand C,Band C, and A and B and C.

While this disclosure has described certain embodiments
and generally associated methods, alterations and permuta-
tions of these embodiments and methods will be apparent to
those skilled in the art. Accordingly, the above description of
example embodiments does not define or constrain this dis-
closure. Other changes, substitutions, and alterations are also
possible without departing from the spirit and scope of this
disclosure, as defined by the following claims.

What is claimed:
1. An enhanced resolution successive-approximation reg-
ister (SAR) analog-to-digital converter (ADC), comprising:

a digital-to-analog converter (DAC) comprising analog cir-
cuitry configured to convert an M-bit digital input to an
analog output;

a comparator comprising a plurality of coupling capaci-
tors; and

enhanced resolution SAR control logic configured to gen-
erate an M-bit approximation of an input voltage; to
store a residue voltage in at least one of the coupling
capacitors, wherein the residue voltage comprises a dif-
ference between the input voltage and the M-bit
approximation of the input voltage; and to generate an
N-bit approximation of the input voltage based on the
stored residue voltage, where N>M;

wherein the residue voltage comprises a first residue volt-
age, and

wherein the enhanced resolution SAR control logic is fur-
ther configured to receive a comparator output based on
the input voltage added to the first residue voltage; to
generate an M-bit approximation of the comparator out-
put; to store a difference between the first residue volt-
age and a second residue voltage in at least one second
coupling capacitor, wherein the second residue voltage
comprises a difference between the input voltage and the
M-bit approximation of the comparator output; and to
generate the N-bit approximation of the input voltage
based on the stored residue voltage by generating the
N-bit approximation of the input voltage based on the
stored first residue voltage and the stored difference
between the first and second residue voltages.

2. An enhanced resolution successive-approximation reg-

ister (SAR) analog-to-digital converter (ADC), comprising:

a digital-to-analog converter (DAC) comprising analog cir-
cuitry configured to convert an M-bit digital input to an
analog output;

a comparator comprising a plurality of coupling capaci-
tors; and

enhanced resolution SAR control logic configured to gen-
erate an M-bit approximation of an input voltage; to
store a residue voltage in at least one of the coupling
capacitors, wherein the residue voltage comprises a dif-
ference between the input voltage and the M-bit
approximation of the input voltage; and to generate an
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N-bit approximation of the input voltage based on the
stored residue voltage, where N>M;

wherein the comparator is further configured to receive the
input voltage and the analog output and to generate a
comparator output based on the input voltage and the
analog output, and

wherein the enhanced resolution SAR control logic is fur-

ther configured to generate the M-bit approximation of

the input voltage based on the comparator output.

3. An enhanced resolution successive-approximation reg-
ister (SAR) analog-to-digital converter (ADC), comprising:

adigital-to-analog converter (DAC) comprising analog cir-

cuitry configured to convert an M-bit digital input to an
analog output;

a comparator comprising a plurality of coupling capaci-

tors; and

enhanced resolution SAR control logic configured to gen-

erate an M-bit approximation of an input voltage; to
store a residue voltage in at least one of the coupling
capacitors, wherein the residue voltage comprises a dif-
ference between the input voltage and the M-bit
approximation of the input voltage; and to generate an
N-bit approximation of the input voltage based on the
stored residue voltage, where N>M;

wherein the coupling capacitors comprise auto-zero

capacitors.

4. An enhanced resolution successive-approximation reg-
ister (SAR) analog-to-digital converter (ADC), comprising:

adigital-to-analog converter (DAC) comprising analog cir-

cuitry configured to convert an M-bit digital input to an
analog output;

a comparator comprising a plurality of coupling capaci-

tors; and

enhanced resolution SAR control logic configured to gen-

erate an M-bit approximation of an input voltage; to
store a residue voltage in at least one of the coupling
capacitors, wherein the residue voltage comprises a dif-
ference between the input voltage and the M-bit
approximation of the input voltage; and to generate an
N-bit approximation of the input voltage based on the
stored residue voltage, where N>M;

wherein the coupling capacitors comprise pairs of differ-

ential capacitors.

5. A method for increasing the resolution of a SAR ADC,
comprising:

generating an M-bit approximation of an input voltage;

determining a residue voltage based on the input voltage

and the M-bit approximation of the input voltage;
storing the residue voltage in at least one coupling capaci-
tor; and
generating an N-bit approximation of the input voltage
based on the stored residue voltage, wherein N=M+1;

wherein storing the residue voltage in at least one coupling
capacitor comprises storing a first scaled version of the
residue voltage in a first coupling capacitor and a second
scaled version of the residue voltage in a second cou-
pling capacitor.

6. The method of claim 5, wherein the first coupling capaci-
tor comprises a first pair of differential capacitors and the
second coupling capacitor comprises a second pair of differ-
ential capacitors.

7. The method of claim 5, further comprising generating a
comparator output based on the first scaled version of the
residue voltage and the second scaled version of the residue
voltage.

8. The method of claim 7, further comprising determining
an output voltage based on the comparator output.
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9. The method of claim 8, wherein generating the N-bit
approximation of the input voltage based on the stored resi-
due voltage comprises generating the N-bit approximation of
the input voltage based on the M-bit approximation of the
input voltage and the output voltage.

10. The method of claim 9,

wherein the comparator output is a multiple of 1-2V

where 'V, . is the stored residue voltage,
wherein the output voltage is 0 when the comparator output
is greater than zero and the output voltage is 1 when the
comparator output is less than or equal to zero, and

wherein the N-bit approximation of the input voltage is
provided by 2V,,+V,,,, where V,, . is the M-bit
approximation of the input voltage and V__, is the output
voltage.

11. A method for increasing the resolution of a SAR ADC,
comprising:

generating an M-bit approximation of an input voltage;

determining a first residue voltage based on the input volt-

age and the M-bit approximation of the input voltage;
storing the first residue voltage in a first coupling capacitor;
determining a second residue voltage based on the input
voltage and the M-bit approximation of the input volt-
age;
storing a difference between the first and second residue
voltages in a second coupling capacitor and a third cou-
pling capacitor; and

generating an N-bit approximation of the input voltage

based on the stored difference, wherein N=M+2.

12. The method of claim 11, wherein storing the difference
between the first and second residue voltages comprises stor-
ing a first scaled version of the difference in the second
coupling capacitor and a second scaled version of the differ-
ence in the third coupling capacitor.

13. The method of claim 12, wherein the first coupling
capacitor comprises a first pair of differential capacitors, the
second coupling capacitor comprises a second pair of differ-
ential capacitors, and the third coupling capacitor comprises
a third pair of differential capacitors.

14. The method of claim 12, further comprising generating
a final comparator output based on the first scaled version of
the difference and the second scaled version of the difference.

15. The method of claim 14, further comprising determin-
ing an output voltage based on the final comparator output.

16. The method of claim 15, further comprising:

adding the input voltage to the first residue voltage to

generate an intermediate comparator output; and
generating an M-bit approximation of the intermediate
comparator output,
wherein generating the N-bit approximation of the input
voltage based on the stored difference comprises gener-
ating the N-bit approximation of the input voltage based
on the M-bit approximation of the input voltage, the
M-bit approximation of the intermediate comparator
output, and the output voltage.
17. The method of claim 16,
wherein the comparator output is a multiple of -1+2
(V,os1=V,es2), Where V| is the first residue voltage and
V... 1s the second residue voltage,

wherein the output voltage is 1 when the comparator output
is greater than zero and the output voltage is O when the
comparator output is less than or equal to zero, and

wherein the N-bit approximation of the input voltage is
provided by 2V, 142V 5,05+ V .., Where Vi, -, s the
M-bit approximation of the input voltage, V- is the

ress
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M-bit approximation of the intermediate comparator
output, and V__, is the output voltage.

out

#* #* #* #* #*

14



